ABSTRACT Served as a core component, the performance of the hydraulic transformer (HT) directly affects the energy-saving performance of the common pressure rail (CPR) system. The pressure reduction process of HT is accompanied by an expansion of the plunger cavity, which can result in a steep pressure drop and lead to cavitation under certain working parameters. In order to enhance the performance, a double rotor hydraulic transformer (DRHT) is proposed, and systematic analysis of the pressure reduction process in DRHT is provided by the CFD simulation and experimental test. The CFD model is based on the dynamic mesh method considering both cavitation and turbulence. The experiment is carried on with a specially designed prototype and four kinds of valve plates. The results show that the transient pressure decreases sharply with increasing rotating speed, and minimum transient pressure is reached at the control angle of −30 degrees. The damping groove can deter the volume expansion effect and thus enlarging the working range, but the volume loss will be incurred. The results of the parameter study show that the damping groove with the length 4 mm and the depth 3 mm can avoid the excessively low transient pressure occur while maintaining low volume loss. The simulation curves have good consistency with the test results, which credit the numerical method feasible and effective. The current work is also significant for further design and the application of the DRHT.
I. INTRODUCTION
In recent years, a topic of much research has been energysaving and emission-reducing [1] - [3] . The Common Pressure Rail (CPR) system is a new hydraulic energy-saving system similar to the electrical network, which has aroused much attention [4] . The schematic diagram of the CPR system is shown in Fig.1 [5] .
In order to solve the problems of controlling the fixed displacement actuators in CPR system, such as hydraulic cylinders and fixed displacement motors, the hydraulic transformer (HT), which is similar to an electric transformer that transforms voltage and current, has been designed [6] - [9] . The hydraulic system based on CPR can be divided into a high pressure side (CPR_H) and low pressure side (CPR_L) decoupling the supply side from the actuators and allowing optimal engine operation independent of the current power demand. During operation, HT absorbs the necessary The associate editor coordinating the review of this manuscript and approving it for publication was Tao Wang. hydraulic power and delivers this power at the required pressure and flow eliminating the throttle loss, which differs from its counterpart throttle valve.
Served as a core component, the performance of the HT directly affects the energy-saving performance of the CPR system. The initially researched series hydraulic transformer (SHT) usually consists of two VDPMs that are rigidly congregated through a common axis [10] . However, the speed response of secondary components results in the slow speed response for the SHT, and the volume is large. What is more, the overall efficiency, which is dependent on the product of the mechanical and volumetric efficiencies of the two components, is low. Therefore, focuses on SHT is reducing. In order to solve the problems in SHT, Holland's INNAS Corporation manufactured the first HT prototype which integrated two hydraulic pumps or motors and named it the Innas Hydraulic Transformer (IHT) [11] . The valve plate of IHT, on which three slots are manufactured, is rotatable. By controlling the rotation angle of the three ports valve plate, the adjustment for the pump/motor's displacement ratio can be achieved instead of driving the swashplate like that in secondary components. Research results show that IHT is credited with properties such as simple structure and enhanced controllability, and has the potential to meet the requirements of CPR system [12] , [13] . The narrow range of the delivery pressure was the main problem in the early development of IHT, which has now been overcome [14] , [15] . Then, a ''floating cup'' IHT, in which a hydraulic swing motor is used to realize the setting of the control angle, was developed [16] . Furthermore, to reduce the friction and to improve the efficiency, a very novel and promising design of ''Euler'' IHT was proposed [17] . However, its structure is complex, and so far there has been no report about the test prototype. Later, a swashplate rotatable hydraulic transformer (SRHT) based on current mature piston pump or motor was proposed [18] . The control angle of SRHT is adjusted by rotating the swashplate axially while the valve plate remains static, thus keeping the flow passages stationary. The prototype of SRHT was manufactured and the pressure ratio characteristic was analyzed [19] . Then, the variable hydraulic transformer (VHT) was present to meet the flow control requirement, which is expected to control the flow by the conventional displacement variable method like that in secondary components, and control the pressure by adjusting the valve plate control angle [20] , [21] . The working performances of VHT, such as flow and power, have also been studied through theoretically analysis method. However, due to the different valve plate structure, the torque required to drive the swashplate is much greater than that in secondary component. What is more, researches on work characteristics of VHT are usually under ideal conditions without test verification, which will result in inevitable significantly different from the actual conditions. Recently, many achievements have been made in the study of the applications of HT while few researches have been focused on HT itself [22] - [26] . The lack of in-depth study of HT itself was, and still is, often underplayed. In current HT structure, the setting of the valve plate control angle all suffers from serious impacts of axial torques result from the tangential component of the axial forces generated by the pistons, which not only reduces the working stability, but also increases the energy consumption of the control process. Therefore, the structure of HT still needs to be further improved. Moreover, reducing fluctuations and improving overall efficiency are also important and urgently needed.
Inspired by the previous study, the structure of double rotor hydraulic transformer (DRHT) with 18 pistons is proposed. Compared with the existing structure, the main improvement of DRHT is that the setting of the valve plate control angle can be accomplished through a small force without the impacts of the axial torques, which enables fast response speed. However, as soon as the working parameters, such as the rotating speed and the valve plate control angle, are changed, the volume change rate of the plunger cavity changes accordingly [27] . Then the volume change effects acting on the transient pressure inside the plunger occur. Usually, higher volume change rate causes higher pressure effects. They are generally quite substantial when the plunger is passing through the transition zone. Therefore, the volume change effects have a great effect on the performance of DRHT. During the pressure transition process from CPR-H to CPR-L, because of the low destination pressure and small flow area, the cavity expansion will incur serious pressure drop, which can lead to cavitation and deteriorating performance under certain operating parameters. Thus, it is very necessary to study the volume change effects on the pressure reduction process in the proposed DRHT.
Whereas, as far as known to us, study of the volume change effects in HT have not been done yet. The existing researches related to the volume change effects are almost limited to the piston pump/motor field. In swashplate axial piston pumps, these volume change effects acting on the transient pressure are familiarly known as ''pre-compression'' and ''preexpansion'' [28] . The Computational fluid dynamic (CFD) method was used to research the volume change effects in piston pumps, and good results have been acquired [29] , [30] . Because of structural differences, there is quite a large difference between the volume change effects in HT and that in piston pumps/motors, e.g., there are three transition regions instead of two in HT. Therefore, the analysis results for piston pumps/motors are not applicable to DRHT. The volume change effects in DRHT are still unknown. There are no systematic researching results can be borrowed directly to analysis the volume change effects in the proposed DRHT until now.
Motivated by the above observations, the present study mainly concentrates on the volume change effects in DRHT during the pressure transition process from CPR-H to CPR-L, which can be named as ''pressure reduction process''. In this paper, a systematic analysis of pressure reduction process in the proposed DRHT is provided by CFD simulation and experimental test. The aim is to propose calculation methods of transient pressure in DRHT and explore the change law of limit transient values with working parameters and structure dimensions through the proposed numerical and the experimental methods.
II. RESEARCH OBJECT A. STRUCTURE CHARACTERISTIC OF DRHT
The sectional view of DRHT is shown in Fig.2 .
As can be seen, the proposed DRHT possess a bilateral symmetrical structure mainly consists of the intermediate control mechanism which is connected to the CPR system and two rotors on both sides. The DRHT integrates the functions of the pump and the motor thus the three ports are made on the valve plate instead of two, as shown in Fig.2 . The main improvements of the DRHT include:
(1) The valve plates are anchored securely on the spindle of the control mechanism, which can rotate with the spindle. And the hydraulic swivel joint principle is adopted by the spindle to connect the A, B, and T port on the valve plate to CPR-H, CPR-L and Load, respectively.
(2) The relative rotation between the rotatable valve plate and the static swashplate can be achieved through the control of the spindle.
(3) The bilateral symmetrical rotors are congregated by a common axis, thus realizing 18 evenly distributed plungers working synchronously.
Compared with the conventional HT with one rotor, the DRHT is integrated two rotors, which possess the characteristic of high power density and low fluctuation. Furthermore, the axial pressing forces acting on the spindle are balanced, the control of the spindle, and thereby the setting of the control angle δ, can be accomplished through a small force without the impacts of the plunger torques and throttle loss, which enables fast response speed.
B. PRESSURE REDUCTION PROCESS FROM CPR-H TO CPR-L
During the process of the plunger rotating from the A port to the T port, as can be seen in Fig.2 , the pressure in the plunger chamber will be reduced from CPR-H to CPR-L. The position of the transition zone, which depends on the control angle δ, is located between the inner dead center (IDC) and the outer dead center (ODC) of the swashplate. Therefore, the pressure transition in the plunger chamber will be accompanied by the obvious expansion of the plunger cavity.
Due to the small flow area and low destination pressure, the cavity expansion may incur serious pressure drop during the pressure reduction process. Consequently, the width of the plunger cavity port is designed equal to the width of the transition zone on the valve plate [31] . Furthermore, a damping groove with an equilateral cross section is machined on the valve plate of DRHT, as shown in Fig.2 , the size of which can be determined by the length L and the depth H.
During the pressure reduction process, the pressure change rate within the plunger chamber can be expressed as: dp
where p is the pressure in the plunger chamber, E is the bulk modulus of fluid, V i is the volume of the plunger cavity, q g is the volume change rate result from the axial motion of the plunger, q i is the flowrate from T port into the piston chamber, q l is the flowrate from the damping groove into the piston chamber. q g , q i and q l can be expressed as follow
where A is the plunger area, R is the pitch diameter of the plungers, ω 0 is the rotating speed, γ is the swashplate angle, ϕ is the position angle of the plunger, C di and C dl are flow coefficient, A i and A l are flow area, ρ is the fluid density, p A is the pressure at A port, p T is the pressure at T port. When the plunger completely enters the transition zone, the plunger chamber is isolated from both the A port and the T port while communicating only with the damping groove. According to (1)- (4), the pressure change rate is now subject to the volume change rate. As the volume change rate exceeds a certain value limitation, a steeply pressure drop will occur, which will cause deteriorating cavitation in the plunger chamber, thereby affecting the working performance. Due to the valve plate control angle as well as the rotor rotating speed have significant impacts on the volume change rate. As a result, the value limitation on q g will result in reduced working range.
It can also be seen from equation (4) that q l and q g possess opposite signs with decreasing pressure in the plunger chamber. Hence, by changing the size of the damping groove, it is possible to mitigate the impact of the cavity expansion, thereby expanding the working range.
The purpose of this paper is to explore the change law of transient pressure with working parameters, such as rotating speed, control angle and structure dimensions through the proposed numerical and the experimental methods.
III. EXPERIMENT TEST
The real photo of the test bench is shown in Fig.3 . The object of the experiment is to acquire the transient pressure in the plunger chamber during the process of the plunger rotating from A port to T port. During the experiment, the control angle δ will be increased from −45 degrees to +30 degrees with a step size of 15 degrees. And the rotating speed ω 0 will increase from 400r/min to 1200r/min with an increase of 200r/min.
To get the accurate transient results, a special designed prototype DRHT is manufactured. In the test prototype, a static middle block that has the same flow slots as the control mechanism in Fig.2 is used instead of the spindle so as to mount the transducers. And four different valve plates were manufactured to cover four different groove depths H (2mm, 3mm, 4mm, 5mm) while the length L (3mm) as well as other parameters is keep the same. In order to guarantee the working performance, the rotor of the DRHT adopts the technically mature cylinder block in a piston pump/motor of the type HY-45-M-R-P. The valve plates, as shown in Fig.4 , are Table 1 .
In the experiment, mineral oil ISO VG 32 is used, and the oil temperature is controlled at 30 degrees Celsius. The pressure of CPR-H is set at 10MPa and the pressure of CPR-L is set at 1MPa. A throttle valve is used to load the circuit, and three pressure sensors are used to monitor the pressure at each port. A contactless hall speed sensor is used to measure the rotating speed of the rotor. The rotatable swash plates are used to achieve the desired valve plate control angle δ. In order to acquire the instantaneous pressure in the plunger chamber passing through the transition zone, a hole with a diameter of 4mm is machined in the transition zone of the valve plate, as shown in Fig.4 , and the high-frequency dynamic sensor CYG 1401 piezoresistive pressure transducer is mounted directly behind the transition zone of the valve plate. The measuring ranges are from 0 to 10MPa. The natural frequency is more than 200 kHz and the linearity is specified to be 0.3% of the full scale output (FSO). A time record of the pressure signals is sampled through a PC and data acquisition (DAQ) board with sampling frequency 250 kHz. And the high speed sampling is achieved through the buffered acquisition. The data acquired from the DAQ board is first stored in an intermediate memory buffer, which is an array consisting of a time series. The data are then retrieved from that buffer and displayed on the graph. What is more, the average value of the three test results was used to reduce the uncertainty in the experiment.
IV. NUMERICAL METHODOLOGIES
The presented 3D transient CFD model is built based on the dynamic mesh method, in which the effects of turbulence as well as cavitation are also considered. The model is solved with FLUENT, which allows calling user-defined functions at each time step or iterations to update the grid model and to complete the predefined calculations.
A. GRID MODEL
The fluid model presented as detail in Fig.5 is derived from a precise three-dimensional model of the test prototype. The fluid model has three pressure inlets/outlets located at different axial positions and 18 staggered plungers on both sides.
The ANSYS ICEM CFD software, dedicated to creating meshes for the CFD, is used to build the grid models. In the grid model, as shown in Fig.6 , the hexahedral grids are used in the majority parts, where the mesh direction is basically consistent with the assumed flow direction to reduce the pseudo dissipation, and the mesh inflation is adopted to meet the requirement of mesh in the boundary layer [32] . A five layer mesh is used to build the film between the cylinder block and the valve plate, and the circle resolution is set to 360. The most critical area is around the damping groove where the flow area is very small when the piston cavity coincide the groove. Therefore, a finer tetrahedral grid scheme is adopted near the boundary, as shown in Fig.6 , and a fine resolution of the groove region is achieved by applying the parameters of the face spacing. Non-conformal interface is used to connect each part of the fluid model, and dynamic mesh method is used to update the mesh. To ensure the results are independent from the mesh resolution, a mesh independence study is performed under the case of δ = −15 • and ω 0 = 1000r/min. The globe element size decreases from 1.2 mm to 0.6 mm with a reduction of 0.2 mm. The results show that the change of minimum transient pressure is very small as the globe element size varies from 0.8 mm to 0.6 mm. Therefore, it can be concluded that the grid model with globe element size of 0.8 mm mesh (around 3.0 million elements) is adequate, and it requires less computational effort than the 0.6 mm.
B. GOVERNING EQUATIONS 1) TURBULENCE MODEL
The complex geometric model of the fluid domain leads to two distinct parts: a low-speed turbulent flow in the plunger chamber due to the movement of the plunger, a highspeed turbulent flow near the pressure transition region. And this argument will be discussed and proved later. Based on the two different regions, the Shear-stress-transport (SST) k-ω turbulence model is used in the simulation. The model is particularly accurate even for low Reynolds number and transitional zones. The transport equations of the turbulence kinetic energy k and the specific dissipation rate ω are as follow:
where, Y k and Y ω denote the turbulence dissipation of k and ω. G k denotes the generation of k. G ω represents the generation of ω. σ k and σ ω are Prandtl numbers. S k and S ω are user-defined source terms. D ω is the cross-diffusion modification term used to blend k-ε and k-ω models together. The expression of turbulent viscosity µ t is as follow:
where α * is the coefficient which damps the turbulent viscosity causing a low-Reynolds-number correction, S is the strain rate magnitude, F 2 is the blending function, ρ is the mixture VOLUME 7, 2019 density, b 1 is a constant. The SST k-ω model constants are:
31, β i,1 = 0.075 and β i,2 = 0.0828 according to the literature [33] .
2) MULTIPHASE MODEL
In this study, the mixture two-phase flow model is chosen due to the expansion of the plunger cavity in which low transient pressure is expected. Therefore the minimum transient pressure will be presented to support this argument. The mixture flow is considered as a homogeneous vaporliquid mixture, in which oil is set as the primary phase, and vapor is set as the second phase. The continuity and momentum equations of the mixture are as follow:
where δ ij is the Kronecker symbol δ ij = 1 for i = j. The mixture density ρ and viscosity µ are:
where µ ν represents vapor kinetic viscosity, µ l represents liquid kinetic viscosity, ρ v denotes vapor density, ρ l denotes liquid density. α means the vapor volume fraction, and α = f ρ /ρ v , f denotes the vapor mass fraction.
3) MODEL OF CAVITATION
The cavitation occurs when the static pressure of fluid drops below the saturated vapor pressure at a certain temperature. The liquid-vapor mass transfer (evaporation and condensation) is governed by the vapor transport equation:
where − → V v means the vapor velocity, R e denotes the mass transfer from the primary phase to the second phase, R c denotes the mass transfer from the second phase to the primary phase.
If p ≤ p ν :
If p ≥ p ν :
where B denotes the bubble radius, B = 10 −6 m. a nuc denotes the nucleation site volume fraction, a nuc = 5 × 10 −4 . F vap represents the evaporation coefficient, F vap =0.02.
F cond denotes he condensation coefficient, F cond = 0.01. p v is the phase change threshold that can be determined by:
where p sa is the pressure of the saturation vapor, p sat = 3540 Pa.
4) BOUNDARY CONDITIONS AND SOLVING STRATEGIES
The fluid model has three pressure inlets/outlets located at different axial positions. The boundary condition at A port is set to pressure-inlet with constant pressure p A = 10 MPa.
The boundary condition at B port is set to pressure-outlet, and the value of the B port pressure p B is acquired from experiments. The boundary condition at T port is set to pressure-inlet with constant pressure p T = 1 MPa. All boundary walls are assumed to possess a no slip boundary condition. And standard wall function is used in the near wall treatment.
In addition, the density of hydraulic oil is 840 kg/m 3 , and the dynamic viscosity is 0.0277 kg/(m·s). There are also some assumptions in this simulation: incompressible liquid, omitted roughness of channel walls, constant liquid properties and thermal equilibrium condition. There are two relative motions in the computational domain. One is the rotating cylinder block against the static valve plate, between which the sliding interface is adopted. The other is the reciprocating motion of the pistons, which are realized through dynamic layering method. The piston axial moving velocity v is derived by the position angle and the rotating speed, which can be expressed as:
where t denote the time step size, ϕ is the position angle of the piston updated at each time step. During the 3D transient CFD simulation, Dynamic-link library is built and then hooked on the main function of the AMG solver. The user-defined functions will be called at each time step to update the grid model and to complete the predefined calculations [34] . The Dynamic Mesh DEFINE Macros are used in the user defined functions to achieve the mesh motion described in equation (16) . In addition, the pressure at the check point, which is the same place of the dynamic pressure transducer, is obtained through the global reduction operations in the parallel calculation process. The transient pressure is first acquired at DEFINE_EXECUTE_AT_END macro based on the converged flow field, and then plotted and saved through DEFINE_FN_REPORT macro.
As for the solver setting, the momentum, turbulent kinetic energy and turbulent dissipation rate terms are discretized by the first-order upwind scheme, the pressure is discretized by the PRESTO! scheme, and the vapor is discretized by QUICK scheme. In addition, implicit time integration is used for temporal discretization. The resulting algebraic equations are solved by the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) velocity-pressure coupling algorithm. 
TABLE 2. The test results of p B (MPa).
The convergence accuracy is set to 10 −5 to ensure the accuracy of the result. In order to capture the transient characteristics of the flow field, a small time step of 10 −5 s is used. The simulations are carried on a 20 core workstation using parallel calculation and double precision.
V. RESULTS AND DISCUSSION
At the beginning of the discussion, the pressure boundary condition at B port must be determined. Fig.7 shows the test curves of p B from the proposed DRHT in this paper and the ''single rotor'' prototype test results in the literature [27] , respectively. We can see that the value of p B increases rapidly as the control angle δ increases while decreases gradually with the increase of the rotational speed. This is the result of the torque balancing for the rotors. We also can see that compared to the curve from the ''single rotor'', DRHT can achieve higher value of p B as a result of the increased number of driving pistons and the improved structure. Table 2 shows the test results of the correlation of the pressure at B port and the control angle δ under different rotating speeds. Fig.8 shows the turbulent flow result from high pressure difference when δ = −15 • , ω 0 = 1000r/min and H = 3mm. It can be seen in Fig.8(a) that during the rotation of the plunger for one revolution, the instantaneous pressure in the plunger chamber will switch between the three pressures. When the plunger rotates from the A port to the T port, the pressure will suddenly drop from 10 MPa to 1 MPa, which will cause an increase in the flow velocity and thus turbulence. As can be seen in Fig.8(b) , the fluid domain presents a large variation of the Reynolds number, computed as
where V is the local velocity and l * is the characteristic length. This large variation in the Reynolds number within the fluid domain justified the use of the SST k-ω model, which is particularly accurate even for low Reynolds number and transitional zones. Fig.9 shows the simulation and test results of the transient pressure when the rotating speed is 800r/min. As can be seen, the instantaneous pressure at t 0 has dropped below p A , and the pressure of H = 4 mm is 1.4 MPa higher than that of H = 3 mm. the t 0 in the figure denotes the time when the plunger completely enters the transition zone. When t > t 0 , the plunger leaves the transition zone, the instantaneous pressure first drops rapidly below p T , and then gradually increases back to p T . The decrease of the transient pressure of H = 4 mm lags behind that of H = 3 mm. What is more, during this process a minimum transient pressure p min occur, as can be seen, the value of p min for H = 3mm is 0.4MPa, while that for H = 4mm is 0.64MPa. The curves obtained through CFD simulation are in good agreement with the experimental results.
For a more in depth understanding of the pressure transition process as shown in Fig.9, Fig.10 shows the pressure and velocity contour of the piston chamber when H = 3mm, Fig.10(a) that the plunger moves outwardly throughout the transition process, resulting in continued expansion of the plunger chamber. When t is less than 4 ms, as can be seen, the plunger disengages from port A. The instantaneous pressure decreases gradually as soon as it enters the transition zone. And after the plunger completely enters the transition zone (t = 4ms), the pressure is reduced from 10MPa to 7 MPa. This is the result of the expansion of the plunger cavity and the reduction of the flow area. At this time, the plunger chamber only connects to the damping groove while isolates from A port and T port. During the process of entering the transition zone, the oil driven by the pressure differential will flow into the plunger chamber through the damping groove. As can be seen in Fig.10(b) that the flow rate increases as the pressure differential increases, and the maximum flow speed at 4ms increased to around 70 m/s. When t is greater than 4ms, the flow area between the plunger chamber and the damping groove is decreasing. Due to the small initial flow area and the expansion of the plunger cavity, the instantaneous pressure drops rapidly. As can be seen in Fig.10(a) , the pressure is decreased from 7MPa at 4ms to 2.5MPa at 4.2 ms and further decrease below 1MPa at 4.4 ms. Before the transient pressure is reduced to p T , the pressure difference will not only cause the fluid flow from A port to the plunger chamber through the damping groove, but also induce the fluid flow from the plunger chamber to T port. As can be seen in Fig.10(b) , the maximum velocity at 4.2ms flowing into the plunger chamber has further increases to around 100m/s, at the same time the fluid flow velocity entering T port is about 25m/s. Although this process is quite short (less than 0.2ms when the rotating speed is 800r/min), it still causes volume loss, which will be discussed later. After the instantaneous pressure drops below the p T , the flow velocity is reversed, and the oil in T port will flow back into the plunger chamber. As can be seen in Fig.10(b) that the maximum velocity is around 30m/s at 5.4ms. During this process a minimum transient pressure p min is generated. Then, as the flow area between the plunger chamber and T port increases, the pressure in the plunger chamber gradually increases to p T , completing the pressure reduction process from CPR-H to CPR-L.
During the entire transition process, the pressure drop is accompanied by the expansion of the cavity. The volumetric change rate of the plunger volume has an important influence on the pressure transition characteristics. It can be seen in (2) that as soon as the rotation speed and the control angle are changed, the volumetric change rate of the plunger volume will also change, and the transient pressure will be affected accordingly. Fig.11 shows the results of transient pressure when H = 3mm, δ = −30 • and ω 0 = 1200r/min. Compared to the transient pressure at 800 r/min, as shown in Fig.9 , the amount of pressure drop at 1200r/min is quite large. The instantaneous pressure at t 0 is only around 4MPa, which is 3MPa lower than that of 800r/min. The minimum pressure p min is also reduced to around the saturated vapor pressure. What is more, an obvious pressure spike of 3 MPa is generated during the process of the plunger entering the T port. This is a result of the pressure shock caused by the collapse of bubbles generated by pressure reduction previously. The pressure spike is reproduced successfully by the cavitation model of the CFD simulation. Fig.12 shows the variation of the gas volume fraction in the plunger chamber during the pressure transition process. It can be seen that the local gas volume fraction gradually increases as the plunger leaves the transition zone and then disappear immediately when the plunger enters the T port. A large number of bubbles first appear near the T port at t 0 +0.42ms as a result of low pressure and high flow speed in the plunger chamber. The gas volume fraction reached its maximum at t 0 +0.98ms and then completely disappeared at t 0 +1.26ms. During the collapse of the bubbles, the mass transfer will result in pressure shock, which renders the pressure spike in Fig.11 . The generation and collapse of bubbles not only damage the structure of HT itself, but also exacerbate vibration and noise. Therefore, when the operating conditions of the hydraulic transformer have been changed, a certain minimum pressure p min must be maintained. The effect of the operating parameters on p min is of great important and deserves researching. Fig.13 shows the relationship between p min and δ when ω 0 = 600r/min. It can be seen that the simulation curves have good consistency with the test results, especially when the pressure is higher than 0.5MPa. The value of p min decreases initially and then increases as the control angle increases, which will reach a minimum at the control angle of −30 • . In addition, the value of p min of H = 2mm fluctuates drastically, which increases from 0.37 MPa at −30 • degrees to 0.9 MPa at 30 • . Furthermore, as the control angle increases, the values of p min for all four depths will eventually reach around 0.9 MPa at 30 • . It also can be seen that when with the same control angle δ, the value of p min increases as the depth H increases, and the pressure increase obviously when the control angle is small. For example, the value of p min is increased from 0.37MPa of H = 2mm to 0.72MPa of H = 3mm at δ = −30 • . Fig.14 shows the relationship between p min and δ when ω 0 = 800r/min. It can be seen that the value of p min under 800r/min reduce obviously compared to that when ω 0 = 600r/min. As shown in Fig.13 and Fig.14,   FIGURE 12 . The variation of the vapor volume fraction in the piston chamber when H = 3mm, ω 0 = 1200rpm and δ = −30 • .
FIGURE 13.
The relationship between p min and δ when ω 0 = 600r/min and H = 2mm, 3mm, 4mm, 5mm, respectively.
FIGURE 14.
The relationship between p min and δ when ω 0 = 800 r/min and H = 2mm, 3mm, 4mm, 5mm, respectively. the pressure drop phenomenon is most severe at the control angle of −30 • where the value of p min of H = 2 mm is even reduced below the saturated vapor pressure.
According to the above analysis, the minimum transient pressure will be low near the control angle δ = −30 • . However, the control angle δ of HT often works in the range of less than 0 • . When the rotating speed is increased, p min can be further decreased to the saturated vapor pressure. Therefore, it is necessary to further research the relationship between the p min and the rotational speed ω 0 when δ = −30 • . Fig.15 shows the relationship between p min and ω 0 when δ = −30 • . It can be seen that when the rotation speed is low, the minimum pressure with each depth is able to maintain the value of p min above 0.8 MPa. However, with increasing rotating speed ω 0 , the value of p min for 2 mm will be first reduced to about 0.4 MPa at 600r/min, while that of larger dimensions remains around 0.8MPa. When ω 0 is greater than 800r/min, the value of p min for 2 mm will be further decrease to the saturated vapor pressure. At this time, if the rotating speed ω 0 is further increased, a serious air suction phenomenon will occur. Fig.16 shows the gas volume fraction in the plunger chamber when ω 0 = 1200r/min and H = 2mm. Compared to the vapor volume fraction of H = 3mm, as shown in Fig.12 , the generation and bursting process of the bubble is more intense when H = 2mm. It also can be seen in Fig.15 that after the increase of the depth H, the value of p min is greatly increased within a certain speed range. Therefore, increasing the size of the damper groove can increase the transition pressure.
When the plunger leaves the transition zone, the transient pressure in the plunger cavity is initially higher than the T port, as shown in Fig.9 and Fig.10 . Therefore, the oil will enter the T port from the plunger cavity driven by the pressure difference and thus resulting in volume loss, as shown in Fig.17 . The volume loss rate η can be computed by:
where M T is the fluid mass flowing from the plunger chamber into T port throughout the pressure transition process, and M A is the fluid mass that flows from the damper groove into the plunger chamber during the process of the plunger leaving the transition zone. M T and M A can be calculated by the predefined numerical integration in the DEFINE_EXECTUE_AT_END macro looping through all compute nodes. The second term of the denominator in (18) is the fluid mass that flows from port A into the plunger chamber as the plunger enters the transition zone. Hereinafter the influential geometry parameters presented in Section II, starting with the depth H, are analyzed in detail. The volume loss produced during the transition process is also considered here with the volume loss rate η. Fig.18 shows the effects of the depth H on both p min and η when δ = −30 • . It can be seen in Fig.18 (a) that when ω 0 = 400r/min, the change in the value of p min is small, which first increases from 0.8 MPa to 0.9 MPa and then remains at around 0.9 MPa. When the rotational speed ω 0 is increased to 800r/min, the value of p min at H = 2mm first drops to around the saturated vapor pressure, and then as the depth H increases, it increases quickly to 0.63MPa at H = 4mm and then remains steady. After the rotating speed ω 0 is further increased to 1200r/min, the value of p min becomes extremely low, although the value of p min also increases with increasing H, it only reaches 0.15MPa at H = 5mm. It can be seen from Fig.18 (b) that the volume loss rate η increases rapidly with increasing H and decrease sharply with the increasing rotating speed ω 0 . For example, when the depth H = 2mm, the value of η is only 0.7% under 400r/min. When the depth H is increased to 5 mm, the volume loss is drastically increased to 10%. And when the depth H is maintained at 5 mm, and the rotating speed is increased to 1200r/min, the volume loss is reduced back to 0.5%.
According to the analysis above, we can conclude that when the depth H exceeds a certain value, the value of p min no longer increase, or even decrease while the volume loss rate η is always increasing. For example, when H increase from 4mm to 5mm, the value of p min remains steady, while the volume loss rate η is increased from 0.8% to 1.2%, as shown in Fig.18 . This phenomenon can be explained by Fig.19 . As can be seen that when the plunger just starts to leave the transition zone, the decreasing transient pressure for H = 5mm lags behind that for H = 4mm, and due to the higher instantaneous pressure, the flow velocity from the plunger chamber to the T port at t 0 is higher when H = 5mm, as a result the volume loss is increased compared to H = 4 mm. It also can be seen that as the plunger enters T port, the slowdown of the pressure reduction process will prevent the fluid from entering the plunger cavity. In the case of H= 4mm, the flow rate is already small at 0.2 ms, and after one more 0.2 ms, the flow direction is reversed. However, in the case of H = 5mm, the reverse of the flow velocity is still not obvious at 0.4ms. Due to the flow area is still small and the plunger cavity is expanding rapidly. The increase of p min will be impeded. In order to reduce the volume loss and improve the energy conversion efficiency, the depth should be as small as possible under the premise of maintaining a certain minimum pressure. When the depth H is greater than 3mm, the pressure remains basically unchanged, but the increase in the volume loss rate η is still large. Therefore, H = 3 mm is selected for the study next.
After the first 4 fluid models are confirmed as good enough, the other influential parameters can be analyzed by using exclusively the CFD simulation method. Fig.20 shows the effects of the length L on both p min and the volume loss rate η when δ = −30 • . It can be seen in Fig.20(a) that when ω 0 = 400 r/min, the value of p min increase rapidly from 0.65 MPa at L = 2 mm to 0.89 MPa at L = 3 mm, and then remains steady at 0.9 MPa. After the rotational speed ω 0 is increased to 800r/min, the value of p min at L = 2mm first drops below the saturated vapor pressure, and as the length L increases, it will reach 0.67 MPa at L = 4 mm and then remains steady. When the rotational speed ω 0 is further increased to 1200r/min, the value of p min increases initially and then decreases with the increasing length L, which reaches a maximum 0.5 MPa at L = 5 mm. In addition, as can be seen in Fig.20(b) that the volume loss rate η increases with increasing length L and decreases with increasing rotating speed ω 0 .
When the rotating speed varies between 400r/min and 1200r/min, the value of p min as well as the volume loss rate η will be between that of 400r/min and 1200r/min. As can be seen, when length L = 4mm, the values of the volume loss rate η under 400r/min and 800r/min are 4.5% and 1%, respectively. At the same time, the values of p min , which remain steady when L>4mm, are 0.9MPa and 0.72MPa, respectively. What is more, when the rotating speed is further increased to 1200rpm, the value of volume loss rate η for L = 4mm is only 0.16% while the value of p min is still maintained at 0.3 MPa. Therefore, it can be concluded that the damping groove with the length 4 mm and the depth 3 mm can avoid the excessively low transient pressure occur after the change of the working parameters, while maintaining relative low volume loss.
VI. CONCLUSION
In order to enhance the working performance, a novel structure of DRHT is proposed. During the pressure reduction process of DRHT, due to the low destination pressure and small flow area, the volume expansion in the plunger cavity will incur steeply pressure drop, which can lead to cavitation under certain operating parameters. Therefore, it is very necessary to study the pressure reduction process in the proposed DRHT. Through experimental and CFD study, several conclusions can be obtained as follow:
(1) Compared with the conventional one, the experimental results demonstrate that the DRHT can achieve higher delivery pressure.
(2) The control angle as well as the rotating speed has an important influence on the volume change rate, and thus the pressure reduction process. The transient pressure decreases sharply with increasing rotating speed, and a minimum transient pressure is reached at the control angle of −30 • .
(3)The increase of the damping grooves sizes can mitigate the volume change effects and thus enlarging the working range, but the volume loss will be increased. The parametric study show that the damping groove with the length 4 mm and the depth 3 mm can avoid the excessively low transient pressure occur while maintaining relative low volume loss.
(4)The numerical results have good consistency with the test results. Therefore, the CFD model presented are proved to be feasible and effective for predict the transient pressures during the pressure reduction process.
The current work is not only significant for further designs of DRHT, but also important for proper fit of the controller for the designed DRHT.
